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Abstract 
The Curie temperature TC is one of the most fundamental physical properties of 
ferromagnetic materials and can be described by Weiss molecular field theory with the 
exchange interaction of neighboring atoms. Recently, the electric-field-induced 
modulation of TC has been demonstrated in transition metals. This can be interpreted as 
indirect evidence for the electrical modulation of exchange coupling. However, the 
scenario has not yet been experimentally verified. Here, we demonstrate the electrical 
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control of exchange coupling in cobalt film from direct magnetization measurements. We 
find that the reduction in magnetization with temperature, which is caused by thermal 
spin wave excitation and scales with Bloch's law, clearly depends on the applied electric 
field. Furthermore, we confirm that the correlation between the electric-field-induced 
modulation of TC and that of exchange coupling follows Weiss molecular field theory. 
 
PACS numbers: 71.70.Gm, 75.70.Ak, 71.20.Be, 83.60.Np 
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 The electrical control of magnetism, such as magnetic anisotropy or the Curie 
temperature TC, in ferromagnetic metal/insulator structures provides power-efficient 
operation in spintronic devices [1–14]. The electric field effect in 3d-transition 
ferromagnetic metals is considered to be due to the change in electron occupancy in the 
d-orbital state. However, the modulation of TC by an electric field experimentally 
observed in a Pt/Co film at room temperature [7], where the increase of electron number 
tends to increase TC, exhibited an opposite trend to the theoretical expectation of the 
Curie temperature Slater–Pauling curve [15]. Recently, ab initio calculations suggested 
that the change in TC in a Pt/Co system can be attributed to the modulation of the 
Heisenberg exchange coupling [16,17]. Although the modulation of the exchange 
stiffness at room temperature in an ultrathin Co [18] and CoFeB [19,20] has recently been 
reported, thermal effects such as thermal spin wave excitation inhibited the determination 
of the exchange coupling Jex at low temperature. Therefore, the mechanism of the electric 
field control of TC has not yet been experimentally clarified. Here, we report the Jex 
modulation in an ultrathin Co layer by the application of a gate electric field from direct 
magnetization measurements. Furthermore, we show that the correlation between the 
electric-field-induced modulation of TC and that of Jex follows Weiss molecular field 
theory of ferromagnetism. 
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A perpendicularly magnetized Pt/Co system [21] was used to observe the modulation of 
its ferromagnetism by an electric field [6]. Multilayers of Ta (3.3 nm)/Pt (1.8 nm)/Co 
(0.23 nm)/MgO (2.0 nm)/HfO2 (40 nm)/Cr (3.0 nm)/Au (10 nm) were prepared on an 
intrinsic Si(001) substrate with a thermally oxidized Si layer (see Supplementary 
Information). A schematic of the measurement configuration and a microscope image of 
the device are shown in Figs. 1(a) and 1(b), respectively. An external magnetic field was 
applied in the direction normal to the film surface by a superconductive magnet, and the 
perpendicular component of the magnetization was measured by a superconducting 
quantum interference device. Here, the application of the positive gate voltage VG 
corresponds to the increase of the electron density at the top surface of the Co layer. In 
this capacitor structure, a VG of +10 V corresponds to an electric field (E) of +2.38 
MVcm-1, which induces an accumulation of 0.017 electrons per Co atom at the top 
surface of the Co layer. 
Magnetization measurements were performed in the absence of an external magnetic 
field under the application of VG = 0, ±10, ±14, and 0 V. The perpendicular remanence 
magnetization m was almost equal to the saturation magnetization because of the 
squareness of the m–H loops in Pt/Co (see Supplementary Information). Figure 2(a) 
shows the temperature dependence of m normalized by mat 0 K (= mS). The results in 
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the range of 10–140 K scale well with Bloch's law [22,23], which describes that the 
reduction in m with temperature can be attributed to the spin wave excitation: 
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where S is the spin angular momentum (S = 0.899 in Pt/Co system [24]), Q is the number 
of atoms per unit cell (Q = 4 for a fcc lattice), and kB is the Boltzmann constant. Bloch's 
law generally assumes a three-dimensional (3D) model, whereas the spontaneous 
magnetization linearly decreases with temperature in a two-dimensional (2D) 
system [25]. For this device, the reduction in perpendicular remanence magnetization 
agrees with Bloch's law (3D) rather than the linear line (2D). This result suggests that the 
effective thickness of the ferromagnetic layer is thicker than the nominal Co thickness 
(0.23 nm) because the attached Pt layer has a proximity-induced moment. The additional 
term 
2
7
ex
B
3
7
2
5
ex
B
3
5
2
0701.0
2
0493.0

























SJ
Tk
SQSJ
Tk
SQ
 corrects the effective mass of 
the magnon with large velocity, allowing us to extend the applicable fitting range to 
higher temperature. As shown in Fig. 2(b), the temperature dependence of m/mS clearly 
depends on VG, which suggests that Jex is modified by the application of VG. The electric 
field dependence of S is negligible because the predicted modulation of S at 0 K [15,16] is 
one-order smaller than the observed modulation. Thus, Jex can be determined by fitting 
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the results with Bloch's law. The variation in Jex under the application of VG is shown in 
Fig. 2(c). Note that Jex is tuned reversibly and the final Jex (VG = 0 V) after the application 
of several VG values becomes equal to the initial Jex (VG = 0 V) without hysteresis. This 
implies that the modulation of Jex observed here is an intrinsic electric field effect, unlike 
the electrochemical reaction [26,27] that shows hysteretic behavior because of the 
thermal activation process. The obtained absolute value of Jex = (2.465 ± 0.002) × 10
-22 J 
is one-order smaller than that of bulk Co (Jex = 4.5 × 10
-21 J) [28], which is consistent with 
the lower Curie temperature TC of 231 ± 1 K. 
To accurately determine TC by preventing the formation of multi-domain states, the 
temperature dependence of m per unit area A was also measured under a perpendicular 
magnetic field of 200 Oe. As shown in Fig. 3(a), m/A rapidly decreases above 200 K. 
There is no difference between the cooling and heating processes, which implies that the 
device does not form multi-domain structure. The reduction in m/A around TC can be 
quantified by the critical exponent as  follows: 
  CTTm  1  (2) 
where the value of  depends on the dimensionality and represents the number of degrees 
of freedom for spin orientation. The values predicted for the 2D Ising [29] and 2D 
XY [30] models are  = 0.125 and 0.23, respectively, whereas those for the 3D Ising, 3D 
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XY and 3D Heisenberg model [31] are  = 0.326, 0.345 and 0.365, respectively. The 
measurement results under a magnetic field of 200 Oe are fitted with Eq. (2) in the range 
of 0.4 < (1 − 𝑇 𝑇C⁄ )
𝛽 < 0.6. From the fit to the data,  = 0.317 ± 0.008 is obtained for 
all values of VG, which also indicates that the Pt/Co is near the 3D system. The 
spontaneous magnetizations independently determined by the Arrott plot almost match 
the fitting curve, supporting the validity of the determination of TC from the temperature 
dependence of m/A. The measurement was performed under the application of VG = 0, 
±5, ±10, and 0 V, and a clear difference can be seen as shown in Fig. 3(b). The variation in 
TC under the VG shows the reversible change as well as that of Jex as shown in Fig. 3(c). 
Jex normalized by Jex (VG = 0 V) and TC normalized by TC (VG = 0 V) are plotted as a 
function of VG in Fig. 4(a). The linear relationship between Jex(V) and TC(V) reveals that 
the modulation of Jex is the microscopic origin of the change in TC. Figure 4(b) shows the 
correlation between Jex(V) and TC(V) investigated for three devices A, B, and C. The 
difference of TC  among the devices can be attributed to the distribution of the Co layer 
thickness in the same wafer [32]. All the plots modulated by VG are on a linear fitting line, 
which follows Weiss molecular field theory TC(V) ∝ Jex(V). 
Finally, we discuss the mechanism of the observed electrical modulation of Jex. Assuming 
we simply consider the change in the electron number at the top surface of the Co, the 
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decrease (increase) in Jex as well as TC with increasing (decreasing) electron number is 
expected from the theoretical prediction of the Curie temperature Slater–Pauling 
curve [15]. This trend is inconsistent with our experimental results. Recently, ab initio 
calculations [16] suggested that the application of an electric field modifies not only the 
electron density at the surface of the Co layer on Pt(111) but also the p–d hybridization of 
Co. Even though the whole electron number in the Co atom increases under the 
application of a positive electric field, the d electron number decreases because of the 
change in p–d hybridization, which dominantly contributes to the modulation of Jex. 
According to this consideration, the observed sign of the Jex modulation by an electric 
field is consistent with the Curie temperature Slater–Pauling curve. From the linear fit in 
Fig. 4(b), D0(V)/TC(V) = 0.151± 0.001 meVÅ
2K-1 is obtained, where D0(V) = 2Jex(V)Sa
2 is 
the spin wave stiffness at 0 K. This value is comparable to that of Co-alloys (D0(V)/TC(V) 
≈ 0.22 meVÅ2K-1 in Co-metalloid alloys and ≈ 0.3 meVÅ2K-1 in Co-transition metal 
alloys) [33], suggesting that the electric field modulation of Jex and TC can be regarded as 
the perturbation by doping electrons to a rigid Co-3d band [15]. 
In summary, we experimentally demonstrated the electrical modulation of the exchange 
coupling in a Pt/Co structure from direct magnetization measurement. The reduction in 
perpendicular remanence magnetization with temperature scales well with Bloch's law 
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for thermal spin wave excitation. We further provide a clear correlation between the 
electric-field-induced change in the Curie temperature and that in the exchange coupling, 
which follows Weiss molecular field theory. These results provide a deeper 
understanding of the microscopic origin of the electric field effect in ferromagnetic 
metals. 
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Figure Captions 
FIG 1.  (a) Experimental arrangement of the devices fabricated for our study. (b) 
Microscopic image of the device. (c) Schematic of the measurement design. The 
reduction in magnetization with temperature scales with Bloch's law for thermal spin 
wave excitation (Eq. (1)). The electric field effect on the exchange coupling Jex can be 
determined by fitting the temperature dependence of magnetization under various gate 
voltages VG with Bloch's law. 
 
FIG 2.  (a) Temperature dependence of the normalized perpendicular remanence 
magnetization m normalized by m at 0 K (=mS) with the fittings of Bloch's law. The 3D 
model and the correction term Θ (Eq. (1)) agrees well with the result. (b) Temperature 
dependence of m/mS under a gate voltage VG = ±14 V. The electric-field-dependent 
variation of Jex is determined by fitting the results with Eq. (1). (c) Cyclic measurements 
of the electric field effect on Jex. 
  
FIG 3.  (a) Temperature dependence of perpendicular component of the magnetization m 
per unit area A with a perpendicular magnetic field of 200 Oe. The cross points represent 
the spontaneous magnetizations msp/A determined by Arrott plots. The dark green curve 
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indicates the fitted curve using Eq. (2) to determine TC. (b) Temperature dependence of 
m/A under a gate voltage VG = ±10 V. The electric-field-dependent variation of TC is 
determined by fitting the results with Eq. (2). (c) Cyclic measurements of the electric field 
effect on TC. 
 
FIG 4.  (a) VG dependence of Curie temperature TC and exchange coupling Jex normalized 
by TC (VG = 0 V) and Jex (VG = 0 V). (b) Jex versus TC for three different devices. The 
linear relationship between Jex and TC follows Weiss molecular field theory. 
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S1. Device fabrication 
The films of Ta (3.3 nm)/Pt (1.8 nm)/Co (0.23 nm)/MgO (2.0 nm) were prepared by RF 
sputtering on an intrinsic Si (001) substrate with a thermally oxidized layer (SiO2). The 
thickness of the layers was determined from the deposition rate of each material. The 
as-grown film was cut into a size of 2 mm × 5.5 mm in order to set it in a Magnetic 
Property Measurement Systems (MPMS XL) chamber. Then, the sample was covered by 
a 40-nm-thick HfO2 gate insulator layer in an atomic layer deposition chamber. Finally, a 
Cr (3.0 nm)/Au (10 nm) metal electrode was deposited by a resistance heating 
evaporation system. 
  
19 
S2. Arrott plots 
The magnetic field dependence of the perpendicular magnetization m per unit area A was 
measured at various temperatures, as shown in Figure S1(a). The magnetization curve at 
low temperature (140 K) exhibits an almost full remanence at 0 Oe, indicating that the 
remanence magnetization mꞱ is equal to the saturation magnetization below that 
temperature. To determine the spontaneous magnetization near the Curie temperature, an 
Arrott plot was applied. Figure S1(b) shows the results at various temperatures and the 
spontaneous magnetizations are determined from the intercept of linear fitting line in the 
range of 100 Oe ≤ HꞱ ≤ 400 Oe. 
 
FIG. S1.  (a) Magnetic field dependence of the perpendicular magnetization m per unit 
area A at low temperatures. (b) Arrott plots determined from the magnetization curves at 
various temperatures. The spontaneous magnetization was determined from the intercept 
of linear fit. 
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